Human metapneumovirus (hMPV) is a newly described member of the Paramyxoviridae family causing acute respiratory tract infections, especially in young children. We studied the pathogenesis of this viral infection in two experimental small animal models (BALB/c mice and cotton rats). Significant viral replication in the lungs of both animals was found following an intranasal challenge of 10 8 50% tissue culture infectious doses (TCID 50 ) and persisted for <2 and <3 weeks in the case of cotton rats and mice, respectively. Peak viral loads were found on day 5 postinfection in both mice (mean of 1.92 ؋ 10 7 TCID 50 /g lung) and cotton rats (mean of 1.03 ؋ 10 5 TCID 50 /g). Clinical symptoms consisting of breathing difficulties, ruffled fur, and weight loss were noted in mice only around the time of peak viral replication. Most significant pulmonary inflammatory changes and peak expression of macrophage inflammatory protein 1␣, gamma interferon, and RANTES occurred at the time of maximal viral replication (day 5) in both models. Cellular infiltration occurred predominantly around and within alveoli and persisted for at least 21 days in mice, whereas it was more limited in time with more peribronchiolitis in cotton rats. Both animal models would be of great value in evaluating different therapeutic agents, as well as vaccine candidates against hMPV.
The human metapneumovirus (hMPV) is a newly described viral pathogen (Paramyxoviridae family, Pneumovirinae subfamily, and genus Metapneumovirus) first reported in young Dutch children with acute respiratory tract infections (ARTI) (42) . Since its initial discovery in 2001, hMPV has been identified in many countries from all continents, indicating its worldwide distribution (20) . Serological studies have shown that hMPV is a ubiquitous virus that virtually infects all children by the age of 5 to 10 years (14, 42, 49) . In addition, studies from The Netherlands have indicated that the virus has been circulating in humans for at least 50 years (42) . Several reports have associated hMPV with ARTI in all age groups with more severe diseases such as bronchiolitis/bronchitis and pneumonia occurring in young children, elderly individuals, and immunocompromised hosts (8, 9, 16, 20, 44, 48) . By reverse transcription-PCR methods, hMPV has been found in 5 to 10% of children hospitalized for ARTI (8, 9, 15, 17) , as well as in children with acute wheezing and asthma exacerbation (23, 31) .
The hMPV genome consists of a single-stranded negative RNA molecule of approximately 13 kb containing eight genes encoding nine proteins. hMPV isolates can be separated into two major groups (A and B) and at least four subgroups, based mainly on genetic data and, to some extent, on antigenic properties (8, 10, 21, 32, 43) . Overall nucleotide and amino acid sequence identities between two Canadian strains representing the two major hMPV groups were found to be 80 and 90%, respectively, with the highest variability occurring in the attachment (G) and SH genes (5) . HMPV replicates slowly in a few permissive cell lines, including tertiary monkey kidney and Vero cells (8, 32, 42) , which is probably the reason for its late identification.
A few experimental animal models of hMPV infection have been reported so far. Viral replication has been found in the respiratory tract of experimentally infected chimpanzees and monkeys (cynomolgus monkeys, rhesus macaques, and African green monkeys) and was associated with mild upper respiratory tract signs in some of these animals (26, 28, 42) . Some groups have also shown that hMPV can replicate in the lungs of hamsters without the appearance of recognizable clinical signs (28, 37, 40) . Recently, Alvarez et al. have reported efficient hMPV replication in lungs of BALB/c mice associated with transient weight loss (1) . BALB/c mice and especially cotton rats are considered good and convenient experimental models to study the pathogenesis of human respiratory syncytial virus (hRSV), another paramyxovirus (7, 11, 12, 19, 22, 24, 45, 46, 50) .
In this study, we sought to characterize the pathogenesis of hMPV lung infection in those two small animal models. Our results indicate that both animals efficiently support viral replication, which was associated in infected mice with significant lung inflammation, weight loss, and breathing difficulties. Such experimental models would be of great interest for the evaluation of different therapeutic agents and vaccine candidates.
HMPV quantification. Virus titers were determined by 10-fold serial dilutions of virus in 24-well plates containing LLC-MK2 cells. Before infection, cells were washed twice with phosphate-buffered saline (PBS) to remove residual serum proteins that could inhibit trypsin activity. Infected plates were incubated at 37°C with 5% CO 2 and replenished with 1 l of fresh trypsin (0.0002%) every other day. Virus titers were reported as log 10 50% tissue culture infectious doses (TCID 50 ) per milliliter of culture supernatant or per gram of lung. The lower limit of detection of our assay was 10 2 TCID 50 per gram. TCID 50 were calculated by the Reed and Muench method.
BALB/c and cotton rat studies. Experiments were performed in two different laboratories by initially infecting 108 4-to 6-week-old BALB/c mice (Charles River Laboratories, Wilmington, MA) and 36 young adult cotton rats (Sigmodon hispidus) (colony maintained at Virion Systems, Inc., Rockville, MD). The animals were infected intranasally with 10 8 TCID 50 of hMPV strain C-85473 in 25 l (mice) or 100 l (cotton rats) of hMPV infection medium. The same number of animals was sham infected with infection medium, and all animals were housed in groups of five in microisolator cages for the mice and in polycarbonate cages for the cotton rats. The animals were evaluated on a daily basis for mortality, weight loss, and presence of any respiratory symptoms. At serial times postinfection (days 1, 3, 5, 7, 12, and 21), lungs and blood samples were collected from 18 mice and six cotton rats from both hMPV-and sham-infected groups.
Virus titration in lungs. At the specified time points, the animals were sacrificed, and the lungs were removed and quickly frozen in liquid nitrogen. Both lungs were used for viral titration in the case of mice, whereas the upper right lobe was used for cotton rats. Whole lungs were also used for cotton rats on day 5 postinfection to compare virus titers with those obtained from the upper right lobe only. Lungs were weighed, homogenized in 1 ml of hMPV infection medium, and laid on LLC-MK2 monolayers for virus titration as reported above. Virus titers in lungs of both animals were determined at a single center.
Pulmonary histopathology. Lungs were removed and fixed with 10% buffered formalin. Fixed lungs were embedded in paraffin, sectioned in 5-m slices, and stained with hematoxylin-eosin. Both lungs were used for mice whereas the left lung was used in the case of cotton rats at all time points. In addition, whole lungs were also used for cotton rats on day 5 postinfection to compare the inflammatory changes with those described in the left lung only. The histopathologic score (HPS) for both animals was determined by two independent researchers at a single institution who were unaware of the infection status of the animals. Four types of histopathological changes were scored independently in each lung section: peribronchiolitis (inflammatory cells, primarily lymphocytes, surrounding a bronchiole), perivasculitis (inflammatory cells, primarily lymphocytes, surrounding a blood vessel), interstitial pneumonitis (increased thickness of alveolar walls associated with inflammatory cells, primarily neutrophils), and alveolitis (inflammatory cells, primarily neutrophils and macrophages, within alveolar spaces). Each histopathological change was scored on a scale of 0 (no change) to 4 (maximum inflammation), with a score of 4 being based upon our prior observations of maximal pathological changes induced by hRSV infection of cotton rat lungs (35) .
Type of inflammatory cells. Cell recruitment in bronchoalveolar lavage (BAL) samples was determined with mice and cotton rats. In brief, six animals were sacrificed at different times (1, 3, 5, or 7 days postinfection), and then their tracheae were cannulated with a catheter. Several 1.0-ml injections of PBS were done until a total of 3 ml of BAL fluid was collected. For hMPV-infected mice, BAL was centrifuged at 1,800 ϫ g for 10 min at 4°C, and then cell pellets were resuspended in PBS for leukocyte quantification using a hemacytometer. Specific cell populations were distinguished using hematoxylin-and eosin-stained cytospin preparations. The relative cell counts were calculated from a total of 2.5 ϫ 10 5 cells. For hMPV-infected cotton rats, specific cell populations were distinguished by FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ), and 10 4 cells were sorted to calculate the percentage of cell types.
Pulmonary cytokine levels. To determine cytokine levels, both lungs were used for mice, whereas the lower lobe of the right lung was used for cotton rats. Lungs were homogenized in 1.5 ml of cold potassium buffer (50 mMKPO 4 , pH 6.0), and 750 l of the homogenate was mixed with 750 l of potassium buffer containing 0.2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]1-1-propanesulfonate} and 0.2% of a protease inhibitor cocktail (both from Sigma, St. Louis, MO). Samples were centrifuged at 13,800 ϫ g for 10 min at 4°C, and 50 l of the supernatant was used for cytokine quantification of samples from mice by ELISA. Levels of monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1␣ (MIP-1␣), RANTES, the mouse interleukin 8 (IL-8) homologue KC, and gamma interferon (IFN-␥) were determined using reagents (specific antibodies and recombinant cytokines) obtained from R&D Systems, Inc. (Minneapolis, MN). Conjugate streptavidin-horseradish peroxidase was purchased from RDI (Flanders, NJ). IL-4 levels were determined with the commercial Quantikine mouse kit (R&D Systems).
Quantification of MCP-1, MIP-1␣, RANTES, IFN-␥, and IL-2 was performed with lungs of cotton rats by densitometric analysis of mRNA expression. Total RNA was isolated from cotton rat lung tissues with a commercial RNA isolation kit (Midi-RNeasy Kit; QIAGEN, Chatsworth, CA). One microgram of total RNA from lung tissues was utilized to prepare cDNA using oligo(dT) primers and the SuperScript II reverse transcriptase (Invitrogen, Burlington, Ontario). Fifty picograms of cDNA constructs was used for the PCR. The forward and reverse primers for the cotton rat cytokines and the PCR conditions have been previously described (6, 7) . Amplified products of target cytokines were electrophoresed and transferred to nylon Hybond N ϩ membranes (Amersham Pharmacia Biotech, Piscataway, NJ) in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) by a standard Southern blot procedure. DNA was UV cross linked and hybridized to an internal oligonucleotide probe (7) . Labeling of the probe and subsequent detection of bound probe were carried out with an enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech), followed by exposure to X-OMAT AR autoradiography film (Kodak, Rochester, NY). The resulting blots were scanned using Cannon N650U and analyzed using Scion Image software. In brief, a Southern blot scan in a grayscale mode was resized using Adobe Photoshop 6.0 to the image width of 400 pixels and saved in a TIFF format. The file was then opened in the Scion Image program and the Mean Density (average gray value within the selection) measurement option was selected. The boxes of identical size were placed around each band on the scan corresponding to amplified cDNA, and mean density within those boxes was recorded. Three additional boxes were placed randomly on the area of the scan away from the bands to obtain background readings. The average of these background readings were used to normalize the rest of the measurements against them. The signal obtained for each analyzed gene was then normalized to the level of ␤-actin expressed in the corresponding organ.
Statistical analysis. All data, with the exception of the histopathologic score, are expressed as mean Ϯ standard deviation. For data that were normally distributed, Student's t test was used to compare hMPV-infected and shaminfected groups of animals at the same time point. Alternatively, the MannWhitney sum test was used for comparisons of data that were not normally distributed.
RESULTS
Clinical manifestations of hMPV infection in mice and cotton rats. Mice and cotton rats were infected with 10 8 TCID 50 of hMPV (strain C-85473) and were observed on a daily basis for mortality, weight loss, and presence of any respiratory symptoms. On day 1 postinfection, mice began to have ruffled hair that persisted until day 7. Breathing problems appeared on day 4 to 5 postinfection, as well as a slight decrease in physical activity and a tendency to huddle. Significant weight loss between hMPV-infected and sham-infected mice was noted on days 4 to 10 with maximal decrease on day 7 (mean weight loss of 18.2%) (Fig. 1) . Gradual normalization of the weight and the other clinical parameters occurred after day 10. One of the 36 remaining hMPV-infected mice died between days 7 and 8 postinfection. No mortality, weight loss, or respiratory symptoms were observed in hMPV-infected cotton rats as well as in any of the sham-infected mice or cotton rats.
Virus titers in lungs. Mean hMPV TCID 50 (Fig. 2) . Of note, virus titers determined from whole lungs of hMPV-infected cotton rats were similar (1.39 ϫ 10 5 TCID 50 /g) to those found in the upper right lobe on day 5 postinfection. No viruses were recovered on day 21 in hMPV-infected animals or at any time points in sham-infected mice or cotton rats.
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Histopathologic changes in lungs. Pulmonary inflammation was assessed using a scoring scale system previously described in cotton rats with hRSV infection (35) . Peak inflammatory response (i.e., the highest HPS) occurred at the time of maximal virus replication (day 5) in both animal models (Fig. 3) . This consisted mostly of an interstitial inflammation (characterized by the increased thickness of alveolar walls) and the presence of alveolitis (characterized by the presence of inflammatory cells within alveolar spaces). The two animal models did not show the same histopathological pattern following hMPV infection. In mice, infiltration was observed on day 3 postinfection and peaked on day 5; pathological abnormalities gradually decreased thereafter (Fig. 4A) . However, hMPVinfected mice continued to demonstrate greater HPS than sham-infected mice on day 21 postinfection. In cotton rats, significant cellular infiltration was only observed on days 5 (peak) and 7 postinfection (Fig. 4B) . Cellular infiltration surrounding bronchioles (peribronchiolitis) of cotton rats was also more significant than in mice. Inflammatory changes in whole lungs of hMPV-infected cotton rats were similar to those described for the left lung on day 5 postinfection, and similar HPS was observed. A few infiltrating cells were found around bronchioles of sham-infected mice and cotton rats over time; this was not unexpected, since this is the interface between the nonsterile outside world and the sterile lung parenchyma and such inflammatory cells are frequently present in control animals.
Cellular infiltration in BAL samples of hMPV-infected animals. To further characterize the inflammatory response, the recruitment of inflammatory cells in BAL specimens of mice and cotton rats was monitored over time (Fig. 5) . In mice, neutrophil counts increased rapidly, peaked on day 1 postinfection, and then decreased gradually until day 7. Monocyte/ macrophage cell counts increased significantly from day 1 to day 3 postinfection, whereas lymphocyte counts increased on day 3 and peaked on day 5 postinfection. No changes in the amount of eosinophils were observed. In cotton rats, the neutrophils were the predominant leukocyte fraction until day 7 postinfection. Monocyte/macrophage cell counts were lower than in the mice, whereas lymphocytes slowly increased until day 7.
Pulmonary cytokine responses to hMPV infection in mice and cotton rats. In lungs of hMPV-infected mice, levels of IFN-␥, RANTES, MIP-1␣, and IL-4 peaked on day 5 postinfection; such levels were significantly increased compared to those in sham-infected animals (Fig. 6 ). MCP-1 was detected at the highest levels on day 1 postinfection, and the mouse IL-8 homologue KC also peaked on day 1. Similarly, in lungs of hMPV-infected cotton rats, IFN-␥, RANTES, MIP-1␣, and IL-2 peaked on day 5 postinfection; MCP-1 was detected at the highest levels on day 1 (Fig. 7) . All cytokines levels were significantly increased compared to sham-infected animals.
DISCUSSION
We have characterized the pathogenesis of hMPV infection in two different small-animal models (BALB/c mice and cotton rats) and showed significant hMPV replication in the lower respiratory tract of both animals. After an intranasal challenge of 10 8 TCID 50 , virus titers found in lung homogenates peaked on day 5 postinfection in both models (mean, 1.92 ϫ 10 7 TCID 50 /g in mice and 1.03 ϫ 10 5 TCID 50 /g in cotton rats). Of note, clinical signs of illness were only present in mice and consisted of weight loss and some breathing difficulties that peaked on days 5 to 7 postinfection. Similarly, the inflammatory cytokines and chemokines MIP-1␣, IL-4 (measured in mice only), IL-2 (measured in cotton rats only), RANTES, and IFN-␥, as well as the HPS, were highest on day 5 in both models. Overall, our data suggest that BALB/c mice are more susceptible to hMPV infection than cotton rats on the basis of higher virus titers and levels of lung inflammation, combined with significant clinical signs.
HMPV is a respiratory pathogen belonging to the same subfamily (Pneumovirinae) as hRSV. The two paramyxoviruses have been associated with bronchiolitis and pneumonia in young children (9, 17, 23, 48) . Although some primates are permissible to hMPV (26, 28, 42) and hRSV (11) infections, we selected to study BALB/c mice and cotton rats as possible experimental models for hMPV infection because those small animals are considered useful and practical models for characterizing the pathogenesis of hRSV infection and for evaluating therapeutic and prophylactic approaches (7, 11, 12, 19, 22, 24, 33, 38, 39, 41, 45, 46, 50) .
Other groups have briefly reported the use of small animal exprimental models for studying hMPV infection. For instance, MacPhail et al. observed low hMPV titers in the lungs of BALB/c mice and cotton rats, following an intranasal challenge of 10 6 PFU (i.e., 10 2.4 and Ͻ10 1.8 PFU/g of lung, respectively, on day 4 postinfection) (28) . Furthermore, no clinical signs were observed in those animals. Hamsters and ferrets were also studied, with the highest hMPV titers (i.e., mean of In contrast to our results, Alvarez et al. found biphasic growth kinetics for hMPV (peak titers on days 7 and 14) with prolonged viral replication in the lungs up to day 60 postinfection. A potential confounding factor between the two studies might be the selection of the viral strain, which could affect virulence and pathogenesis. Of note, we used a low-passage clinical hMPV strain belonging to the A genotype (in contrast to the extensively cell-passaged group B virus of Alvarez et al.) . It has been shown that a high viral inoculum is required to observe significant viral replication and clinical changes in lungs of hRSV-infected mice (22) . Furthermore, it was shown that there is a clear dose-dependent effect of the inoculum on the severity of hRSV infection in mice (22) , and our data suggest that a similar dose-dependent relationship can also be true for hMPV. We used an inoculum that was 2 logs higher (i.e., 10 8 TCID 50 ) than the one reported by Skiadopoulos et al. for hamsters (37) . Similarly, we found a 2.5-log-higher increase in lung virus titers (i.e., 10 7 versus 10 4.4 TCID 50 /g) that could explain the clinical signs observed in our mouse model. Many similarities can be found between hMPV and hRSV replication in BALB/c mice. Following an intranasal challenge, hRSV lung titers peak on day 4 postinfection with no viruses usually recovered beyond day 7 (22, 29) . On the other hand, hMPV titers peaked on day 5 in our model and viruses could still be recovered on day 12 but not by day 21 (Fig. 2) . Weight loss associated with hMPV infection in mice was maximal on day 7 postinfection, 2 days after maximal viral replication, which is also similar to hRSV-induced disease in the same animal (13, 25, 46) . Overall, the kinetics of hMPV replication in our mouse model are similar to those induced by hRSV and are somewhat different than those reported by Alvarez et al., i.e., a biphasic peak of replication with prolonged excretion (1) . Viral replication in the lungs of cotton rats was also higher in our study (i.e., 10 5 TCID 50 /g following a challenge of 10 8 TCID 50 ), compared to a previous research that found no detectable virus in the lungs following a challenge of 10 6 PFU (28). Of note, the latter group determined the titers for the virus by immunostaining, whereas we quantified viral growth by determination of TCID 50 . Similar to hRSV infection in cotton rats (34) , no clinical manifestations were noted following hMPV replication in our study.
Histopathological changes observed at the time of maximal viral replication in hMPV-infected mice mainly consisted of an interstitial inflammation characterized by an increased thickness of the alveolar walls. Cellular infiltration in the BAL of mice initially consisted of neutrophils followed by increased amounts of macrophages and lymphocytes. Of note, peribronchiolitis was more prominent in hMPV-infected cotton rats, and cellular infiltration in BAL was also somewhat different. These histopathological changes could support clinical findings indicating that hMPV may trigger exacerbations of asthma in humans (23, 31) . The more severe disease observed with mice than with cotton rats may be due to the larger amounts of inflammatory cells within the alveolar spaces of mice that persisted for a longer period of time (from days 3 to 21 postinfection) (Fig. 3 and 4A) . Interestingly, a significant inflammatory response was still present in lungs of mice sacrificed on day 21, although no infectious viruses could be recovered at that time. Such persistent inflammatory changes have been described for up to 154 days in mice following hRSV infection and consisted of the presence of inflammatory infiltrates located around vessels and airways (22) . In contrast, we found a predominant alveolitis on day 21 postinfection; experiments In mice, high concentrations of proinflammatory cytokines are found in BAL samples following hRSV infection. KC, the mouse IL-8 homologue, is a potent chemoattractant of neutrophils that are involved in the early inflammatory response (2, 4, 22) . We observed a similar pattern following hMPV infection in mice, i.e., KC levels were highest in lung homogenates on day 1 postinfection. Such high concentrations of this chemokine in hMPV-infected lung homogenates correlated with high levels of neutrophils in BAL samples. Interestingly, FIG. 6 . Cytokine/chemokine levels in lung homogenates of hMPV-and sham-infected mice. Six mice from both hMPV-and sham-infected groups were sacrificed on days 1, 3, 5, 7, 12, and 21 postinfection, and 50 l of their lung homogenates was used to quantify MIP-1␣ (A), RANTES (B), IFN-␥ (C), IL-4 (D), KC (E), and MCP-1 (F) by enzyme-linked immunosorbent assay. *, statistically significant differences (P Ͻ 0.05) were observed between hMPV-and sham-infected groups, based on Student's t test when data were normally distributed and on the Mann-Whitney rank sum test when data were not normally distributed. SD, standard deviation.
IL-8 has also been detected in upper respiratory tract secretions of hMPV-infected patients, although levels were significantly lower than those found in hRSV-infected individuals (27) .
The chemokine MCP-1 is a potent chemoattractant for monocytes/macrophages and lymphocytes and has also been shown to be involved in the regulation of Th1/Th2 lymphocyte differentiation by increasing IL-4 production to enhance the Th2 response. In both mice and cotton rat models, MCP-1 was highly expressed on day 1 until day 3 to 5 postinfection, correlating with increased IL-4 production on day 5. Our results are in line with those of Barends et al., who showed that some paramyxoviruses (hRSV and pneumonia virus of mice) but not orthomyxoviruses such as influenza A are able to enhance the Th2 immune response in BALB/c mice (3).
The chemokines RANTES and MIP-1␣ as well as the (Th1) cytokine IFN-␥ have been shown to be associated with the severity of hRSV disease (7, 13, 18, 19, 30, 46) . We found that levels of those three chemokines/cytokines were significantly increased in lungs of hMPV-infected mice and cotton rats and that they all peaked at the time of maximal viral replication. Compared to findings with the mouse model of hRSV infection, we did not notice high levels of MIP-1␣ on day 1 postinfection; importantly, peak levels of IFN-␥ were lower in hMPV-infected mice (22) . This latter observation is also in line with the lower severity of hMPV infections in children (compared to that of hRSV) observed in many studies (9, 44, 48) .
In conclusion, we performed a thorough investigation of hMPV infection and the resulting inflammatory/immune responses in convenient experimental animal models. We demonstrated that both BALB/c mice and cotton rats support hMPV replication in their lower respiratory tract and that such viral replication is associated with significant histopathological changes in both models, although clinical signs of illness were only observed with mice. As reported in mouse models of hRSV infection, a chronic inflammatory phase seems to occur after viral clearance (i.e., beyond day 21) that is mainly characterized by the involvement of alveolar septa and space with inflammatory cells. Whether such inflammatory change is associated with impaired pulmonary functions needs to be studied. The high levels of many proinflammatory cytokines in the lungs of hMPV-infected mice and cotton rats may indicate that an exaggerated immune response plays a significant role in the clinical manifestations of hMPV infection, similar to what has been reported for hRSV. Such experimental models will greatly contribute to further evaluation of different therapeutic agents and vaccine candidates against this important viral pathogen.
